Dendrimers can provide unique reaction space for sub-nano sized materials. Recently, we have demonstrated a luminous bismuth dendrimer and the on/off switching by stepwisely assembled bismuth units in a phenylazomethine dendrimers. In addition, formation of bismuth clusters was also demonstrated by the reduction of the bismuth salts assembled in the dendrimer. In this study, we have revealed the atomicity dependency about the reduction and oxidation potentials of the assembled bismuth complexes and clusters, respectively. The measurements were conducted by the electrochemical process of the bismuth assembled dendritic poly-phenylazomethines.
Introduction
Sub-nano sized metal clusters are fascinating materials that can provide remarkable properties. For example, extraordinary high catalytic activities were demonstrated by platinum or other clusters [1] [2] [3] [4] [5] [6] . In spite of such attracting properties, the synthesis is still difficult because the ways to control the atomicity of the clusters were limited. In addition, the clusters with several atoms have the unique properties that can not be shown in the clusters with other atomicity even though they have similar sizes. The feature is clearly reflected in magic numbered Au clusters [7, 8] and high catalytic activity of the Pt 12 cluster [9, 10] . Therefore, control of the atomicity in a cluster is necessary to reveal the properties.
Polymer-protection is a useful tool to handle such clusters since it can enhance stability of the inner clusters. Coordinating polymer ligands with sulfur or phosphine ligands can provide high stabilization effect for various clusters or particles [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , and some stable gold or silver clusters were subjected to single-crystal analysis, optical measurement and other measurements. However, these strong protections often change the electronic state of the clusters. On the other hand, protections by polymer capsules are soft compared to those by coordinating ligands. They are often used as a catalyst by tuning the conformation of polymers [22] [23] [24] . Uniformly branched polymers called "Dendrimers" [25] [26] [27] [28] can also protect such clusters in the inner cavity. The soft protection by the branches of the dendrimers is utilized for highly active catalysts with inherent properties of the metal clusters [29] [30] [31] [32] .
Here, we used phenylazomethine dendrimers called DPAs (Fig. 1 ) [33] [34] [35] [36] . The DPAs have not only an inner cavity which can protect the sub-nano sized clusters, but also designed π-conjugated branches that can control the number of assembled metals. The number is controlled by the imine parts on the branches of the DPAs which can coordinate to metal salts. The gradually changed basicity of the imines provided stepwise metal assembly. Due to the stepwise assembly of the metals, precisely controlled metal clusters at atomicity level can be prepared in the DPAs [9, [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Our recent progress promoted preparation of functional bismuth in the DPAs [46] [47] [48] [49] . We investigated tunable photo-luminescence, solid-state emission and optical switching of the bismuth assembled DPAs. In addition, synthesis of bismuth clusters in the DPAs was succeeded by using polyvinylpyrrolidone. Through these studies, the electrochemical synthesis of the bismuth clusters in the DPAs was suggested [46] . In this study, we have revealed the atomicity dependency of the transformation between the bismuth complexes and the corresponding clusters by using the DPA templates (Fig. 2) . The control of the atomicity was achieved through the finely controlled metal assembly process of the BiCl 3 into the DPA in the solution with sufficient electrolytes. Through the observation of reduction and oxidation phenomena of the assembled bismuth, the dependency on the atomicity was clarified.
Experimental Sections

Materials
BiCl 3 ultra dry and Bu 4 NPF 6 were purchased from Alfa Aesar and Sigma-Aldrich. Dehydrated acetonitrile and chloroform were obtained from Kanto Chemicals and Wako Pure Chemical Industries, Ltd., respectively. The DPAG4 and pyDPAG4 was synthesized according to the literatures [36, 50] . The boron-doped diamond electrode was prepared according to the previous reports [51, 52] .
Characterization
UV-Vis absorption spectra were measured using Shimazu UV-3100PC spectrometer with a quartz cell having an optical length of 1 cm. Cyclic voltammetry was conducted by using BAS ALS750B analyzer. Scanning transmission electron microscopy (STEM) images were obtained using JEM-ARM200F (JEOL) or JEM-2100F (JEOL) with samples deposited on a Cu mesh microgrid (Okenshoji Co.)
UV-Vis Titration of BiCl 3 Added to the DPAG4 Solution with Bu 4 NPF 6
Acetonitrile solution of BiCl 3 (6.29 mM) and acetonitrile/ chloroform (1/1) solution of the DPAG4 (2.67 μM) were prepared in an Ar-filled glove box. Then the aimed equivalent of BiCl 3 solution was added to the DPAG4 solution (3.0 mL) at the quartz cell. Then the solution was shaken to promote complexation. The complexation process to the DPAG4 was monitored by UV-Vis absorption spectra from 0 to 60 equivalents. The stepwise assembly was judged by the isosbestic points observed around 370 nm.
Cyclic Voltammetry of the Bismuth Complexes in the DPAs
Preparation and measurements were totally conducted in an Ar-filled glove box. An acetonitrile solution of BiCl 3 (3-6 mM) was added to an acetonitrile/chloroform (1/1) mixed solution of the DPAG4 or pyDPAG4 with Bu 4 NPF 6 (0.1 M). The concentrations of the DPAG4 were 3 μM for DPAG4-8BiCl 3 and DPAG4-12BiCl 3 , 1 μM for DPAG4-28BiCl 3 and 0.5 μM for DPAG4-60BiCl 3 . That of pyDPAG4 was 3 μM. The added amount of the BiCl 3 solution was determined according to the aimed equivalents to the DPAG4. The mixed solution was vigorously stirred for the complexation. A glassy carbon disc electrode and a rolled platinum wire were used as the working and counter electrodes, respectively. An 
Results and Discussions
The transformation between the metal complexes and the clusters in the dendrimer was conducted after preparation of the bismuth assembled metallodendrimers. They were prepared in an acetonitrile/chloroform solution with Bu 4 NPF 6 (0.1 M) as an electrolyte. The number of the bismuth atom in one cluster was determined in the complexation process of the BiCl 3 to the DPAG4. The controlled assembly of BiCl 3 was confirmed by a UV-Vis titration. The spectral change and the titration curve are shown in Fig. 3 . The titration curve was slightly changed compared with that without electrolytes. However, the stepwise shift in the isosbestic point maintains in the electrolyte case. The equivalents of the added BiCl 3 showing each isosbestic point were consistent with the numbers of imines at each layer of the DPAG4. It confirmed atomicity controlled assembly of the bismuth units in the dendrimer. The DPAG4 was used for the assembly of 12, 28 and 60 BiCl 3 . 13 BiCl 3 was carried out with the dendrimer equipped with one pyridine part (pyDPAG4). In addition, a 8 BiCl 3 assembled sample was prepared with the DPAG4. Though the number of 8 is different from the number of imines in the DPAG4, the atomicity can be controlled under 12 atoms by the potential gradient in the DPAG4 [9] .
The coordinated bismuth units in the DPAs were subjected to the electrochemical measurement with a potentiostat. The reduction peaks around − 0.5 V versus Ag/Ag + in a potential cycling measurement showed reaction from Bi III to Bi 0 . The bismuth salts changed to clusters in the DPAG4 by the chronoamperometric reduction, which was demonstrated by STEM observation for a sample prepared by applying negative voltage to the bismuth-assembled dendrimers on the carbons [46] . The observed cluster size (1.5 ± 0.3 nm) was clearly smaller than that of bismuth-assembled dendrimers (2.2 ± 0.4 nm, Fig. S1 ). Then, the oxidation potentials of the reduced cluster samples were measured by the linear oxidation sweep after the reduction process. The oxidation peaks were observed from −0.3 to 0 V versus Ag/Ag + (Fig. 4) . The intensity of the peaks supported oxidation to Bi III by this process. The initial reduction peaks were derived from the coordinated BiCl 3 on the branches. It was well confirmed by the linear increasing of the reduction current according to the equivalent of the assembled BiCl 3 (Fig. 5) . These results supported successful preparation of the aimed bismuth clusters in the DPAG4.
The oxidation process can be influenced by the property of the synthesized bismuth cluster. The oxidation waves of the clusters showed a simplified form (Fig. 4) . It was different from a bulk bismuth metal showing several peaks [46] . Such several peaks were observed by increasing concentration of the DPAG4-28BiCl 3 sample (Fig.  S2) , indicating generation of aggregated forms by the reduction process. By contrast, such aggregation peaks were not detected in the low concentration. Therefore, the observed oxidation potentials suggested properties of the clusters. The oxidation peaks shifted to the negative value as the atomicity decreased (black triangles in Fig. 4) . It suggested destabilization of the small clusters.
Electrochemical measurement using 1% boron-doped diamond electrodes [51, 52] was found to be effective to control the aggregation of bismuth at the reduced state. The set-up is shown in Fig. S3 . The observed cyclic voltammogram of the DPAG4-28BiCl 3 sample at 3 μM demonstrated a simple oxidation peak (Fig. 6 ), and it was clearly different from that in the aggregation case observed by using glassy carbon disc electrode as shown in the Fig.  S2 . This improvement is considered to be derived from high chemical stability available at the surface of the boron-doped diamond electrode [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] .
Conclusion
We revealed the transformation process of the metal complex and the clusters by the electrochemical reduction and oxidation in the DPAG4. The atomicity dependency was observed in the oxidation process, and it was not observed in the initial reduction of the bismuth complexes. The negative shift of the oxidation potential suggested destabilization of the clusters. 
